Recent studies have identified the neural circuitry underlying certain learned responses and determined that memories, although formed and stored in particular brain regions (such as the amygdala and cerebellum), are established through interactions among multiple interconnected brain regions [1] [2] [3] [4] [5] [6] [7] [8] [9] . Studying the developmental assembly of the neural systems underlying learning provides insight into the synaptic interactions that correlate with its ontogeny and may help to elucidate possible limiting factors in forming and storing memories within particular brain regions 4,10-12 .
The developmental emergence of learning has traditionally been attributed to the maturation of single brain regions necessary for learning in adults, rather than to the maturation of synaptic interactions within neural systems. Acquisition and retention of a simple form of motor learning, classical conditioning of the eyeblink reflex, depends on the cerebellum and interconnected brainstem structures, including the inferior olive. Here, we combined unit recordings from Purkinje cells in eye regions of the cerebellar cortex and quantitative electron microscopy of the inferior olive to show that the developmental emergence of eyeblink conditioning in rats is associated with the maturation of inhibitory feedback from the cerebellum to the inferior olive. The results are consistent with previous work in adult animals and indicate that the maturation of cerebellar inhibition within the inferior olive may be a critical factor for the formation and retention of learningspecific cerebellar plasticity and eyeblink conditioning.
it has recently been reported that the ontogeny of the eyeblink CR is attributable to the development of memory formation in the cerebellum, rather than to the overt expression of memory 16 . In addition, microstimulation of the interpositus nucleus elicits eyeblinks in young rats that do not learn 16 , indicating that the efferent pathway from the interpositus nucleus to the red nucleus is relatively mature at P17. These points indicate that the developmental emergence of eyeblink conditioning is due to the ontogenetic emergence of learning-related cerebellar plasticity, rather than age-related sensory or motor differences.
The inferior olive is the sole source of climbing fibers in the cerebellum and produces all-or-none complex spikes in the Purkinje cells of the cerebellar cortex 17 by P15 (refs. 18,19) . Cerebellar feedback accounts for more than 90% of the γ-aminobutyric acid (GABAergic) inhibitory terminals within the inferior olive 20, 21 and determines the topographical organization of climbing fibers in the cerebellar cortex 22 . Although no consensus has emerged regarding the exact role of inhibitory cerebellar feedback to the inferior olive, recent evidence indicates that interactions between the cerebellum and inferior olive contribute to the acquisition and extinction of the eyeblink CR [23] [24] [25] . It is possible that the ability to regulate climbing fiber activity via cerebellar inhibitory feedback is an important factor underlying the ontogenetic emergence of the eyeblink CR. In the present experiments, we combined unit recording of Purkinje cell complex spikes with electron microscopy in the inferior olive to investigate developmental changes in inhibitory synaptic connections from the cerebellum to the inferior olive.
RESULTS

Inhibition of climbing fiber activity
To investigate cerebellar regulation of climbing fiber activity, wemonitored complex spike activity in Purkinje cells from eye regions of lobule HVI of the cerebellar cortex (Fig. 1a, inset) during the ontogeny of eyeblink conditioning. If inhibitory cerebellar feedback to the inferior olive is mature at P17, then increases in cerebellar interpositus neuronal activity, which produce eyeblink CRs 5, 6, 16 , should inhibit US-elicited complex spikes at both P17 and P24 (ref. 23) . Analyses were performed on 49 Purkinje cell complex spikes from seven P17 rats and 54 complex spikes from seven P24 rats that received paired presentations of the CS and US. We also analyzed 37 complex spikes from five P17 rats and 39 complex spikes from six P24 rats that received five sessions of explicitly unpaired presentations of the CS and US. All analyses were performed on complex spike activity from the fifth session of training.
Rats from both age groups that received paired presentations of the CS and US showed significantly more CRs than their unpaired control groups on sessions 3-5 ( Fig. 1a; F 4 ,84 = 5.851, P < 0.01). P17 rats that received paired training showed significantly fewer CRs than P24 rats that received paired training between sessions 3 and 5. According to previous studies, the few eyeblink CRs seen in P17 rats are produced by increases in cerebellar interpositus neuronal activity 16 . If cerebellar feedback to the inferior olive is mature at P17, then complex spike activity immediately after the US should be inhibited when both age groups show CRs 23 . Consistent with the hypothesis that cerebellar feedback to the inferior olive is immature at P17, complex spikes in P17 rats occurred immediately after the US on trials when rats did not (Fig. 1b) or did (Fig. 1c) display eyeblink CRs. In P24 rats, on the other hand, the synchronous complex spike responses immediately after the US seen on trials without CRs (Fig. 1d) were inhibited on trials with CRs (Fig. 1e) .
The mean complex spike activity from all P17 and P24 rats that received paired training shows that inhibition of complex spikes during CR trials was also present at the population level at P24, but not at P17 (Fig. 2a) . The small burst of complex spike activity during the tone on trials with eyeblink CRs, which may be related to sensory or motor coding 26 , is consistent with previous recording studies in the inferior olive 27 . An ANOVA on the percentage of trials (with or without a CR) during which a complex spike occurred during each of the first four 50-ms bins after the US revealed a significant age × response type × bin interaction (F 3,606 = 3.946, P < 0.02). We attribute this to a decrease in the probability of a complex spike occurring in the first 50 ms after the US during CR trials in P24 rats, but not in P17 rats (P17: CR -, 45.7 %, CR + , 43.02%; P24: CR -, 41.6%, CR + , 11.4%). In addition, the onset and peak latencies of complex spike activity after the US in P24 rats, but not in P17 rats, were significantly greater on trials with CRs than trials without CRs ( Fig. 2b ; onset latency: F 1,202 = 6.055, P < 0.02; peak latency: F 1,202 = 39.505, P < 0.001). That is, increased neuronal activity within the cerebellum, which produces eyeblink CRs in both age groups, significantly inhibited US-elicited complex spikes in P24 rats, but not P17 rats. Moreover, many of the complex spikes that did respond after the US during CR trials in P24 rats occurred at latencies too long to be directly evoked by the US [28] [29] [30] .
Climbing fiber rhythmicity
It is possible that many of the long (>50 ms) latency complex spikes that occurred after the US during trials with CRs were produced by rhythmic oscillations in inferior olive neurons. Interactions among somatic and dendritic membrane conductances produce a prominent 8-12 Hz rhythm in action potentials and subthreshold membrane voltage oscillations of inferior olive neurons 31 -a rhythm that is also present in complex spike activity patterns 22, 28, 30 . Hyperpolarization of olivary neurons deinactivates a Ca 2+ conductance, which increases the amplitude of membrane voltage oscillations such that previously subthreshold oscillations become large enough to produce action potentials in olivary neurons 31 and therefore complex spikes in Purkinje cells. Cerebellar inhibition during eyeblink CRs may therefore increase the rhythmicity of olivary neurons by increasing the amplitude of subthreshold membrane voltage oscillations 32 despite inhibiting responses immediately after the US. The periorbital US resets each olivary neuron's rhythm, such that rhythmic patterns of activity after the US will occur relative to US onset 28, 30, 31 . To investigate whether cerebellar inhibition during CRs influenced If increased cerebellar inhibition during CRs influenced rhythmic firing patterns in the inferior olive, then, when not completely inhibited 23, 27 , complex spikes should occur in clusters 80-120 ms apart more frequently on trials with CRs than on trials with no CRs ( Fig. 1e ; complex spikes 80-120 ms apart occur with a rhythmicity of about 8-12 Hz). At P24, complex spikes showed statistically significant peaks in their autocorrelograms at 80-120 ms more frequently on trials with CRs than on trials without CRs (CS period: χ 2 = 839.42, P < 0.01; US period: χ 2 = 152.84, P < 0.01). In contrast, complex spikes in P17 rats showed only a small CR-related increase in 8-12 Hz rhythmicity after the US (χ 2 = 47.808, P < 0.05). Moreover, the proportion of complex spikes showing CR-related increases in rhythmicity was significantly higher in P24 rats than in P17 rats (χ 2 = 452.79, P < 0.01; Fig. 2d ). There were no relationships between eyeblink responses and complex spike activity in the unpaired control groups. Purkinje cell complex spike activity in all P17 rats showed slightly higher spontaneous complex spike firing rates in the baseline period, which may be related to immature cerebellar feedback to the inferior olive 22 (P17 = 1.24 Hz; P24 = 0.91 Hz; F 1,175 = 61.197, P < 0.01). In summary, experiment 1 showed that P17 rats generally do not show two forms of learning-related complex spike activity that depend on inhibitory feedback from the cerebellum to the inferior olive 22, 23, 28 .
Addition of inhibitory synapses in the DAO
In experiment 2, we used quantitative electron microscopy to explore the possibility that the inability of P17 cerebellar neurons to inhibit complex spike activity, despite occasionally producing eyeblink CRs, is due to a lack of inhibitory synapses within the dorsal accessory olive (DAO). The DAO is the nucleus within the inferior olivary complex that provides the necessary and sufficient information about the US during eyeblink conditioning 5, 6 and provides most of the climbing fibers to lobule HVI of the cerebellar cortex 33 . Quantitative electron microscopy, combined with systematic random sampling 34 and the stereological physical disector 35 , was used to obtain unbiased and reliable estimates of the total number of excitatory (+) and inhibitory (-) axodendritic (D) and axospinous (S) synapses 20, 21, 36 (Fig. 3a) and excitatory and inhibitory multiple synapse boutons (MSB; Fig. 3b ) in the DAO of eight P17 rats and six P24 rats.
The proportion of inhibitory synapses relative to the total number of synapses in the DAO showed a developmental increase from 35.5% in P17 rats to 49.5% in P24 rats (t 8,6 = 13.821, P < 0.001), which indicates that the DAO at P17 has disproportionately fewer inhibitory synapses than the DAO at P24. Moreover, by P24 the DAO has approximately equal numbers of inhibitory and excitatory synapses (Fig. 3c) . The developmental transition to balanced synaptic innervation in the DAO is attributable to three main events (Fig. 3c) : (i) excitatory axodendritic synapses, which are initially overproduced at P17 (preplanned comparison, t 8,6 = 2.657, P < 0.02), are pruned and perhaps transformed into excitatory axospinous synapses by P24 (preplanned comparison, t 8,6 = 7.415, P < 0.001); (ii) there is a dramatic developmental increase in the number of inhibitory synapses between P17 and 24 (F 1,24 = 71.505, P < 0.001), including a more than three-fold increase in the number of inhibitory axospinous synapses (preplanned comparison, t 8,6 = 27.089, P < 0.001); and (iii) there is an addition of inhibitory terminals forming synapses with multiple olivary dendrites and dendritic spines (F 1,24 = 34.03, P < 0.001). Moreover, there were significantly more dendritic multivesicular bodies (MVB), which are involved in membrane recycling and transport 37, 38 , at P17 than at P24 ( Fig. 3c; t 8,6 = 5.007, P < 0.001). In sum, experiment 2
showed that there was a substantial addition of inhibitory synapses within the DAO between P17 and P24, which may be added by the production of inhibitory multiple synapse boutons. Together, experiments 1 and 2 show that the ability of cerebellar inhibition to regulate the activity of inferior olive neurons increases developmentally and is likely attributable to a massive increase in the total number of inhibitory synapses.
DISCUSSION
The present findings indicate that inhibitory feedback from the cerebellum to the inferior olive substantially matures during the developmental time period in which the delay eyeblink CR emerges. Climbing fiber input from the inferior olive is thought to provide a teaching signal to the cerebellum for adaptive learned movements 1-3,5,6,9,23-25,39,40 . Inhibitory projections from the cerebellum to the inferior olive are thought to provide feedback that learning about a particular stimulus (such as a periorbital US) has occurred in the cerebellum (eyeblink CRs) 3,5,6,9,23-25,39,40 .
The results of experiments 1 and 2 indicate that cerebellar neurons at P17 are largely unable to inhibit olivary neurons and are therefore unable to regulate climbing fiber activity. Much empirical evidence indicates that an essential component of the memory for the eyeblink CR is formed and stored in the cerebellar interpositus nucleus and depends on CS input from the mossy fibers of the pontine nuclei and US input from the climbing fibers of the inferior olive 5, 6, 9, [23] [24] [25] 39 . The present experiments were conducted to explore the possibility that immature cerebellar feedback to the inferior olive was a possible limiting factor influencing the developmental emergence of the eyeblink CR.
The first experiment showed that even when cerebellar interpositus neurons drove eyeblink CRs, P17 rats were unable to inhibit US-evoked complex spikes in Purkinje cells. Because fewer interpositus neurons exhibited learning-related increases in activity in P17 rats compared to P24 rats 16 , the inability to inhibit climbing fiber activity at P17 might have been due to the development of cerebellar plasticity. Alternatively, cerebellar feedback to the inferior olive may not have been mature at P17, interfering with the ability of cerebellar neurons to inhibit climbing fiber activity. The results of experiment 2 indicate that cerebellar feedback to the inferior olive matures over the time period in which the eyeblink CR emerges, and suggest that immature cerebellar feedback to the inferior olive probably prevents learning-related changes in interpositus neuronal activity from regulating climbing fibers at P17.
Recent simulation and experimental studies indicate that cerebellar feedback to the inferior olive helps to maintain an equilibrium between long-term potentiation (LTP) and depression (LTD) in the cerebellum 9, 24, 25 and may provide insight into the possible effects of weak cerebellar feedback to the inferior olive on the formation and retention of cerebellar plasticity during eyeblink conditioning. In particular, cerebellar feedback to the inferior olive helps to establish and preserve discrete learning-related changes due to the convergence of the CS and US during training. The inability of the interpositus neurons to regulate olivary neuronal activity in P17 rats may interfere with learning in two main ways: (i) the complex spikes in the cerebellar cortex, which supply a massive inhibitory influence to the interpositus neurons 17 , cannot be inhibited and may limit activity-dependent plasticity in the cerebellar interpositus nucleus; and (ii) the lack of inhibitory feedback may fail to regulate bidirectional plasticity (LTD and LTP) within the cerebellum 9, 24, 25 . Recent evidence suggests that the failure to regulate bidirectional plasticity within the cerebellum prevents discrete learning-related synaptic changes from being established during conditioning 23, 24 , or alternatively, may actively erase discrete cerebellar plasticity immediately following conditioning 25, 41, 42 .
A recent study shows that temporarily inactivating cerebellar feedback to the inferior olive disrupts Kamin's blocking effect 23 . The authors suggest that preventing the cerebellum from regulating its own olivary input during phase-2 training allows information about the US to enter into associations with a new, redundant CS. Although it is possible that this study is analogous to the immature cerebellar feedback to the inferior olive in P17 rats, it is important to note that cerebellar feedback to the inferior olive was temporarily inactivated, whereas the cerebellar feedback in P17 rats is more analogous to chronic inactivation 24, 25 . Our results suggest that the cerebellum's chronic inability to regulate its own plasticity-inducing olivary inputs at P17, due to fewer inhibitory synapses, may have a critical role in obstructing the emergence or preservation of learning-related cerebellar plasticity, leading to weaker eyeblink conditioning.
Although the maturation of cerebellar feedback to the inferior olive is associated with the ontogeny of eyeblink conditioning, it is likely that there are other developmental factors influencing the ontogeny of the eyeblink CR. For example, previous studies have shown that CS inputs to the cerebellum exhibit a developmental increase in CS activation from P17 to P24 (ref. 16 640.3, 2001 ). In addition, the level of postsynaptic depolarization induced by immature cerebellar synapses might be insufficient to activate cellular cascades critical for the formation or preservation of cerebellar plasticity 40, 43 . The development of CS pathway inputs to the cerebellum and the development of US pathway regulation are probably both critical factors influencing the formation of learning-specific plasticity in the infant cerebellum. Although the one-to-one relationship between climbing fibers and Purkinje cells is established around P15 (refs. 18,19) , it is possible that some Purkinje cells are still innervated by multiple climbing fibers at P17, which has been shown to affect motor coordination and eyeblink conditioning 45, 46 . It is also possible that there are developmental changes in modulatory inputs to the cerebellum (for example, cholinergic and noradrenergic inputs) that influence the ontogeny of eyeblink conditioning. The myriad developmental factors influencing the ontogeny of eyeblink conditioning are still under investigation.
Our present findings, coupled with empirical and theoretical work showing that cerebellar inhibition in the inferior olive regulates plasticity within the cerebellum 9, [23] [24] [25] 39, 40 , indicate that cerebellar inhibition within the inferior olive may be a major factor underlying the developmental emergence of learning. In sum, our data suggest that the ontogeny of a simple form of motor learning (eyeblink conditioning) may depend critically on the ability to modify the teaching signal 46, 47 through cerebellar regulation of climbing fiber activity 1-3,5,6,9,23-25,39,40,48 .
METHODS
Subjects.
The subjects were twenty P17-18 and nineteen P24-25 LongEvans rat pups. Sex was counterbalanced.
Surgery. Rats were fitted with electromyogram (EMG) and neuronal recording electrodes and a bipolar US electrode as described previously 16, 27 . Treatment of the animals and surgical procedures were in accordance with the National Institutes of Health Guidelines and were approved by the University of Iowa Animal Care and Use Committee. Neuronal recording procedure. The neuronal activity was recorded to disk as described previously 16, 27 . A template-matching program was used to identify all of the spikes with similar waveform characteristics 16, 27 . The complex spikes examined in the present study were considered to be from eye regions in that they exhibited short-latency responses to periorbital stimulation.
Conditioning
Data analysis. Significant differences were evaluated by Tukey's honestly significant difference (HSD) test (all P < 0.05). Repeated measures analysis of variance (ANOVA) was performed on the CR percentage. Mean cumulative peristimulus histograms of the firing rates of each complex spike were created for the entire period of the conditioning trial (1 s) for each trial type (with or without CRs) from the fifth training session of all groups. Cumulative mean activity for each individual complex spike (10-ms bins) was analyzed during the last 150 ms of the CS period and during a 150-ms period immediately following the US to determine peak and onset latencies and to calculate the autocorrelations. Onset latencies were defined as the first bin with activity significantly above baseline. Peak latencies were defined as the bin with the highest value after US onset. Significant peaks in the autocorrelograms had to be greater than one standard deviation (s.d.) above the average level of the autocorrelogram from a 300 ms post-CS onset or post-US onset period.
Histology. On the day after training, the rats were killed with a lethal injection of sodium pentobarbital (90 mg/kg), transcardially perfused with 100 ml of physiological saline followed by 300 ml of 3% formalin. Brains were post-fixed, sectioned at 50 µm and stained with cresyl violet.
Electron microscopy. The sampling procedure was modified from a previous study 34 to obtain four systematic random sampling fields from each rat. Briefly, rats were deeply anesthetized with pentobarbital (120 mg/kg) and transcardially perfused with 0.1 M phosphate buffer (pH 7.2), followed by 2% paraformaldehyde/2.5% glutaraldehyde in 0.1 M phosphate buffer. Brains were post-fixed in the skull overnight, and 9-12 consecutive 175 µm thick coronal slabs were taken throughout the entire rostral-caudal extent of the DAO. The position of the first cut within the first 175 µm interval was selected randomly, and the subsequent cuts were placed at systematic 175 µm intervals from each other. Tissue slabs were rinsed in 0.1 M sodium cacodylate, post-fixed in 1% OsO 4 /1.5% potassium ferrocyanide, en bloc stained with 2.5% uranyl acetate, dehydrated through a series of acetones, embedded in Epon (Pelco International, Redding, California), and then cured at 60 °C for 2 d. DAO volume was estimated using the Cavalieri principle on a projection microscope at 50.5× by point counting. The cumulative medial-lateral and dorsal-ventral lengths of the DAO were measured and divided into four systematic random intervals to demarcate the lateral and dorsal edge of each sampling field, respectively. Ribbons of 40-45 serial sections (silver-gray interference color) were mounted on 5% Formvar-coated copper slotted grids (Electron Microscopy Sciences, Fort Washington, Pennsylvania), stained with uranyl acetate and lead citrate, and viewed on a Hitachi H-600 (Hitachi, Pleasanton, California) transmission electron microscope with a rotational grid holder at an initial magnification of 8,000×. The same tissue area was photographed in all sections of each series. After that, a micrograph of a calibration grid was taken. Photomicrographs were prepared at a final magnification of 22,400×. Mean section thickness was determined using Small's method of minimal folds measured directly on the negative (magnification 50,000×). Each series was assigned a code number to be decoded after completion of all analyses.
Excitatory synapses were identified by the presence of rounded or spherical vesicles and an asymmetric postsynaptic density 20, 21, 36 . Inhibitory synapses were identified by the presence of pleomorphic or flattened vesicles and a symmetric postsynaptic density 20, 21, 36 . Synapses within the middle 32 serial sections (to ensure unequivocal synapse identification 34 ) were counted using the stereological physical disector and an unbiased counting frame 34, 35 . Numerical density was calculated for each rat as the mean number of synapses or multivesicular bodies counted per disector divided by the mean disector volume. The total number of these structural elements was calculated for each rat as the product of the mean numerical density and the estimated DAO volume.
